During heart development, the generation of myocardial-specific structural and functional units including sarcomeres, contractile myofibrils, intercalated discs, and costameres requires the coordinated assembly of multiple components in time and space. Disruption in assembly of these components leads to developmental heart defects. Immunofluorescent staining techniques are used commonly in cultured cardiomyocytes to probe myofibril maturation, but this ex vivo approach is limited by the extent to which myocytes will fully differentiate in culture, lack of normal in vivo mechanical inputs, and absence of endocardial cues. Application of immunofluorescence techniques to the study of developing mouse heart is desirable but more technically challenging, and methods often lack sufficient sensitivity and resolution to visualize sarcomeres in the early stages of heart development. Here, we describe a robust and reproducible method to co-immunostain multiple proteins or to co-visualize a fluorescent protein with immunofluorescent staining in the embryonic mouse heart and use this method to analyze developing myofibrils, intercalated discs, and costameres. This method can be further applied to assess cardiomyocyte structural changes caused by mutations that lead to developmental heart defects.
Introduction
During development, heart contractions begin soon after cardiomyocytes migrate to the midline and form the linear heart tube 1, 2 . The sarcomere is the basic contractile unit within the cardiomyocyte; this highly organized cytoskeletal structure contains actin filaments anchored to the Zdisc by sarcomeric α-actinin (s-α-actinin) and myosin fibers anchored to the M line ( Figure 1) . As the cardiomyocyte matures, sarcomeres assemble in series to form myofibrils that extend across the cell. Myofibrils are anchored to the ends of the cardiomyocyte by the intercalated disc, the cell-cell junctional structure that contains a transitional junction with a subset of Z-disc elements such as s-α-actinin 3 , adherens junction proteins such as N-cadherin and β catenin, gap junction proteins, and desmosomes ( Figure 1 ) 4 . Along the longitudinal membrane, the Z-discs of peripheral myofibrils also attach to the cell membrane via costameres; these specialized focal adhesions provide an anchor between the myofibril, plasma membrane, and extracellular matrix to provide additional structural support to the cardiomyocyte (Figure 1 ) 4 . Early in heart development, cardiomyocytes are arranged in finger-like projections known as trabeculae that protrude into the ventricular space and contain relatively mature myofibrils 5 . As heart development proceeds, the cardiomyocytes in the sub-epicardial region proliferate to form the compact myocardium that comprises the ventricular walls, but sarcomere and myofibril assembly are delayed as compared with trabecular myocardium 5, 6 . Models of sarcomere and myofibril assembly come largely from immunofluorescence studies on cultured cardiomyocytes [7] [8] [9] [10] , which are straightforward but lack a three-dimensional environment, blood flow, and contacts with other cardiac cells present in vivo. High-resolution structural studies using immunofluorescence in the mouse embryonic heart are technically challenging, and few studies have explored the emergence of intercalated discs and costameres during mouse cardiac development. The adherens junction protein β catenin appears to localize to intercalated discs by embryonic day (E) 17.5 11 , N-cadherin localizes to linear structures that may represent intercalated discs by E18.5 12 versus postnatal day 0 13 , and costameres have been detected at E18.5 14 , but these proteins display diffuse and more continuous membrane distribution at earlier developmental time points [11] [12] [13] .
Here, we describe a straightforward and reproducible method for immunostaining and fluorescence microscopy of sectioned mouse embryonic hearts that allows for detailed analysis of myofibril and cardiomyocyte development, including the emergence of intercalated discs as early as E12.5 and nascent costameres at E16.5. This protocol may be useful for probing the effects of mutations on sarcomere formation as well as myofibril and cardiomyocyte maturation. Table) , find the sample and area of interest. Capture the image to use as a map when imaging at high magnification. 4. Remove the slide, making minimal adjustments to the slide stage. Change to the 60x oil immersion objective (see Materials Table) , place a small drop of oil on the objective, and replace the slide (coverslip down) onto the slide stage. 5. Find sample again. Set the laser power, exposure time, and binning to the desired levels for each channel.
Confocal Imaging and Image Analysis
NOTE: We generally use laser power of 0.8, camera exposure time of 100 msec, and binning of 2 (see Materials Table for hardware and software specifications); optimal settings need to be empirically determined for each experiment. 1. Once optimal settings are determined, use the same settings for all tissue sections within the experiment. Use the intensity histogram to note the optimal intensity range for each channel (this information will be used for analysis).
6. Generate a z stack using the acquisition function: select the appropriate laser channels, then choose the upper and lower limits of the z stack. Choose a z stack step size that is one-half the value of the optical slice thickness provided by the software. Click "run" to collect the images. 7. Use Fiji 16 or a comparable program for image analysis. Within Fiji, open the z stack file with Custom color mode option and the channels split into separate windows. Open the "Adjust Brightness/Contrast" tool from the Image pulldown menu; within each channel, set the optimal histogram intensity range determined in 4.5.1. Apply these channel ranges to all z stacks being analyzed. 8. Merge the individual channels into a single composite image using Image->Color pulldown menu. 9. Create a flattened z stack from the composite image using the Image->Stacks->z project menu. This image will be significantly brighter than the 3D image; adjust the histogram intensity range for the control sample to avoid oversaturation, and apply the same settings to the experimental flattened z stack. 10. To generate a 3D image, first use the Image->Stacks->3D project menu 17 . Choose either the x-axis or y-axis of rotation. Set the slice spacing as the same number of microns as the z stack step size. Choose the desired total rotation and set the rotation angle increment to 1. Then open the Image J 3D Viewer from the Plugins pulldown menu. Choose the composite image generated in 4.8, display as Volume, and set the Resampling factor to 1 or 2.
Representative Results
Figures 2 through 6 show typical results for co-staining of different proteins in a snap-frozen and acetone-fixed heart. The antibody against s-α-actinin reproducibly labeled Z-discs and intercalated discs with high specificity and minimal background (Figures 2A, 3A, 4A , 5A, 6A, and 6C); Figure 6 demonstrates that the anti-mouse IgG (H+L) monovalent Fab fragment effectively blocks endogenous mouse IgG binding by antimouse secondary antibodies. The antibody against adherens junction protein β catenin bound the membrane of both cardiomyocytes and noncardiomyocyte cells, and co-localization with s-α-actinin occurred in presumed intercalated discs at E16.5 ( Figure 2C and D) , as expected from the β catenin staining pattern in the adult heart 18 . β1 integrin immunofluorescence in the embryonic heart is especially challenging and often fails to identify focal adhesions 14 , but β1 integrin staining in these studies revealed signal with the same periodicity as s-α-actinin-labeled Z-discs, possibly reflecting nascent costameres forming at E16.5 ( Figure 3D ).
At E12.5, s-α-actinin and tropomyosin (sarcomere thin filament protein) immunofluorescence revealed a staining pattern with regular periodicity in trabecular cardiomyocytes consistent with mature myofibrils in these cells ( Figures 4A and 5A for s-α-actinin; Figure 4B for tropomyosin). Ncadherin staining in trabecular cardiomyocytes at E12.5 hearts tended to colocalize with areas of intense s-α-actinin staining ( Figure 5B-D and Figure 6A -C) possibly representing intercalated discs. In contrast to trabecular myocytes, s-α-actinin in the compact zone was more punctate than linear, and tropomyosin staining was diffuse rather than linear (Figure 4A and 4B) . Thus, sarcomere assembly may occur later in compact compared to trabecular myocardium. Furthermore, differential patterns of s-α-actinin and tropomyosin in the compact zone suggest that s-α-actinin organizes into puncta and immature Z-discs early, while tropomyosin incorporation into the thin filament may be a later event in myofibril assembly. Figure 7 , Movie 1, and Movie 2 demonstrate typical results from a PFA-fixed E12.5 embryonic heart. In these examples, a LifeAct-RFPruby transgenic embryo was used for imaging; the LifeAct-RFPruby transgene 19 labels filamentous actin but requires PFA fixation. Z-discs labeled with s-α-actinin were easy to visualize in most areas, but the signal-to-noise ratio was decreased compared to snap-frozen heart sections ( Figure 7A) ; this signal was typical for s-α-actinin immunofluorescence in PFA-fixed tissue, in which epitopes may be masked by protein crosslinks. Figure 7B shows co-visualization of filamentous actin and immunolabeled s-α-actinin within myofibrils (arrowheads) and filamentous actin within endocardial cells adjacent to trabecular myocytes (arrows). Three-dimensional image reconstruction revealed additional details: individual cardiomyocytes were more easily discerned, myofibrils within a cardiomyocyte were roughly parallel to one another, but individual cardiomyocytes were oriented at varying angles to one another ( Figure 7C and D, Movie 1, and Movie 2). The close approximation between endocardial cells and cardiomyocytes was better appreciated in the three-dimensional views as well. , while the mouse monoclonal clone EA53 antibody against s-α-actinin was used to label Zdiscs and intercalated discs. Embryos were PFA-fixed. 0.2 µm optical slices were collected as a z stack. (A) Flattened z stack shows that s-α-actinin staining was more diffuse in PFA-fixed tissue than in snap-frozen and acetone fixed sections (Figures 2-5 
Discussion
The optimal tissue fixation technique and dilution must be empirically determined for each antibody. In our hands, snap-freezing is superior to PFA fixation for several cardiomyocyte antigens, including s-α-actinin, β-catenin, β1-integrin, tropomyosin, talin (not shown) and N-cadherin; in contrast, PFA fixation yields superior results for focal adhesion kinase (not shown). The protein crosslinks formed by PFA may mask epitopes and limit antibody binding; antigen retrieval may be required in such cases, and methods for antigen retrieval may be found elsewhere 20 . PFA concentration or length of fixation can be decreased to reduce epitope masking, with optimal conditions empirically determined for each antibody and at each developmental stage. Appropriate negative controls should be used when characterizing a new antibody or cardiac mutant, including pre-immune serum as the primary antibody control and a "no primary antibody" control. Use of knockout mice is an ideal negative control but early lethality prevents their use for many of the gene products studied here.
Use of adequate volumes to completely submerge experimental and control slides in the same immunofluorescence blocking, antibody, and wash solutions was important as was gentle rocking of slides during incubation to ensure uniform exposure of the sections to the solutions. This approach minimized technical variability in staining between sections and slides within an experiment. When cost limits the antibody solution volume, use a Pap pen to limit flow of solutions beyond the tissue sections and keep slides in a humidified chamber during long incubations.
. The intensity histogram indicates the distribution of pixels at each intensity level (0 -65535 levels for a 16-bit image) for each color. Background, brightness, and contrast can be adjusted by setting an intensity display range that flanks the histogram peak; to make valid comparisons between conditions, the same settings between control and experimental conditions must be used.
This protocol provides a reliable method to analyze cardiomyocyte maturation and development in the native embryonic mouse heart. While immunofluorescence of cardiomyocyte-specific proteins is often used to mark cardiomyocytes during development, few studies employ techniques that allow high-resolution analysis of myofibril structure and the emergence of intercalated discs and costameres [12] [13] [14] 22, 23 . This technique can be used for in vivo assessment of mutations that cause developmental heart defects, as a means of identifying changes in cardiomyocyte maturation that may shed light on mechanisms of structural abnormalities.
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